Context: Although there is increasing information on the mechanism of lipolysis in adipose tissue, the effect of exercise on individual factors of lipolysis is less well understood.
T riacylglycerols stored in lipid droplets of adipocytes in adipose tissue constitute the main fuel in animals, yielding energy through lipolysis and subsequent oxidation of the fatty acids produced. It has been reported that adipose-tissue lipolysis is a determinant of fuel selection during exercise in healthy subjects (1) . As exercise is increasingly included in the prescription against many diseases, interest in the way it changes cellular and tissue metabolism also is increasing.
Findings have revealed how lipolysis is regulated in adipose tissue in the basal and stimulated states (2) . Under conditions of increased energy demand, such as during exercise, adipose-tissue lipolysis is stimulated, as has been shown by the use of microdialysis, arteriovenous difference, and isotope tracer techniques (3) (4) (5) . Triacylglycerols are hydrolyzed by three lipases-adipose triacylglycerol lipase (ATGL), hormone-sensitive lipase (HSL), and monoacylglycerol lipase (MGL)-in sequential steps leading to the formation of nonesterified fatty acids (NEFAs) and glycerol. The main regulator of lipolysis in exercise appears to be epinephrine (6) , which signals protein kinase A activation via the cyclic adenosine monophosphate cascade (7) . Natriuretic peptides contribute to the control of human adipose-tissue lipolysis through the cyclic guanosine monophosphate (cGMP) cascade, which causes activation of cGMP-dependent protein kinase I (8) . Activation of protein kinase A and cGMP-dependent protein kinase I leads to phosphorylation of HSL and perilipin 1, a protein at the surface of the lipid droplets. Phosphorylation of perilipin 1 releases comparative gene identification 58 (CGI-58), a protein that binds and activates ATGL to initiate lipolysis. HSL translocates to the lipid droplet, associates with phosphorylated perilipin 1, and degrades diacylglycerols to monoacylglycerols. Lipolysis is completed by MGL, which removes the final fatty acid from a monoacylglycerol to produce glycerol (9) .
Although there is increasing information on the regulatory mechanisms of lipolysis in adipose tissue, the effect of exercise on individual participants in the process is relatively unknown. Nielsen et al. (10) found no change in mRNA or protein levels of ATGL, HSL, and CGI-58 30 minutes after 1 hour of exercise. We are not aware of other studies of the effect of exercise on the expression of proteins involved in lipolysis in human adipose tissue.
Our group has developed an assay of the actual (not maximal) triacylglycerol lipase activity in adipose tissue against the natural, endogenous substrate, by preserving the phosphorylation state of the proteins involved at the time of biopsy and the morphology of the lipid droplets (11) . Using this assay, we found that triacylglycerol lipase activity in human subcutaneous adipose tissue increased sixfold within 5 minutes of moderate-intensity cycling and declined gradually thereafter despite the maintenance of the physical stimulus (11) . Using the same assay, we found a delayed lipolytic response to resistance exercise of obese compared with lean men, which may be due to the unusual increase in the antilipolytic hormone, insulin, in obese men during exercise (12) .
After finding that the lipolytic responses of lean and obese men to resistance exercise differ, we wondered whether this was the case with endurance exercise as well. Thus, the aims of the current study were to compare lean and obese men in terms of changes in (1) triacylglycerol lipase activity in subcutaneous adipose tissue, (2) circulating biomolecules related to lipolysis and energy production, and (3) gene expression, at the mRNA level, of five protagonists of lipolysis (ATGL, HSL, MGL, perilipin 1, and CGI-58) in adipose tissue during 30 minutes of endurance exercise.
Materials and Methods

Participants
Sixteen healthy, sedentary men, aged 20 to 26 years, volunteered to participate in the study, after being informed, orally and in writing, of the design and probable risks. The participants were divided into a lean group [n = 7; body mass index (BMI) #25 kg/m 2 ; body fat ,15%] and an obese group (n = 9; BMI .30 kg/m 2 ; body fat .20%). All participants had had stable weight and no pharmacological or nutritional intervention during the past 6 months. Written informed consent was obtained from all participants. Procedures were in accordance with the Declaration of Helsinki and the study design was approved by the institutional review board.
Study design
The participants visited the laboratory on two occasions. On their first visit, a health history questionnaire was completed, body mass was measured to the nearest 0.1 kg using an electronic balance (Seca, Hamburg, Germany), and height was measured to the nearest 1 cm by a stadiometer fixed to the balance to calculate BMI. Additionally, waist and hip circumferences were measured in duplicate with a Gullick II tape (Country Technology, Gay Mills, WI), and percent body fat was estimated by measuring four-terminal bioelectrical impedance through a Bodystat 1500 apparatus (Douglas, United Kingdom). Based on the BMI and body fat data, we divided the participants into two groups: lean and obese. During the same visit, the participants had their maximal oxygen consumption (VȮ 2 max) determined via an incremental test to exhaustion on a Monark 834E bicycle ergometer (Varberg, Sweden) with the help of an oxygen/carbon dioxide portable gas analyzer (Oxycon Mobile, Yorba Linda, CA).
On their second visit, subjects were transported to the laboratory by car after an overnight fast and rest. They had been instructed to abstain from vigorous physical activity, alcohol intake, and caffeine intake for the past 48 hours. After 30 minutes of rest, each participant cycled for 30 minutes at a power output eliciting a heart rate of 130 to 140 beats per minute (bpm), as determined during the incremental test, with blood sampling and adipose-tissue needle biopsy performed at baseline and at 5, 10, 20, and 30 minutes of exercise. Expiratory gases and heart rate were monitored during the entire exercise session.
Blood sampling and analysis
At the aforementioned time points, 5 mL of blood was drawn from an antecubital vein into evacuated tubes with EDTA (for glucose and insulin assays), heparin (for catecholamine determination), or no anticoagulant (for glycerol and NEFA assays). The tubes were placed on ice immediately. For lactate determination, 200 mL of blood was mixed with 400 mL of 5% trichloroacetic acid. All blood samples were centrifuged (4°C; 1500g; 15 minutes), and the resulting supernatants were stored in aliquots at -80°C until assayed. Samples were thawed once before analysis. Glucose, glycerol, and NEFA levels were determined spectrophotometrically with kits from Axiom (Bürstadt, Germany), Sigma-Aldrich (St. Louis, MO), and Wako Chemicals GmbH (Neuss, Germany), respectively. Epinephrine and norepinephrine levels were assayed using highperformance liquid chromatography with electrochemical detection (Chromsystems Diagnostics, Munich, Germany), as previously described (13) . Insulin was measured using an enzyme-linked immunosorbent assay kit (EMD Millipore Co, Billerica, MA) with a sensitivity of 1 mU/mL. Lactate was analyzed spectrophotometrically, as described (14) . All analyses were performed in duplicate.
Fat biopsy
Subcutaneous adipose-tissue samples were obtained by needle biopsy from the buttock area without anesthesia, as described (15) . All samples were taken with the subjects seated on the bicycle and, for the samples taken at 5, 10, and 20 minutes of exercise, with a 5-to 10-second interruption of cycling. The largest part of the biopsy samples,~100 mg, was immediately frozen in liquid nitrogen and stored at -80°C for mRNA analysis. The rest was processed for triacylglycerol lipase assay immediately, as described in the next subsection.
Triacylglycerol lipase assay
The assay was performed as described by Petridou and Mougios (11) . Briefly, adipose-tissue samples of~30 mg were homogenized in a buffer containing inhibitors of protein dephosphorylation, phosphorylation, and degradation. Homogenates were incubated at 37 o C, and aliquots were removed at 0 and 30 minutes into test tubes containing an internal standard and organic solvent to denature proteins. Lipids were extracted from this solvent and separated by thin-layer chromatography. Triacylglycerols were excised from the chromatographic plates and converted into their fatty methyl esters, which were then separated by gas chromatography. Endogenous methyl esters were quantified by comparison of their areas in the chromatogram to that of the internal standard. The micromoles of triacylglycerols were then calculated as the sum of the micromoles of the endogenous methyl esters divided by three. Finally, triacylglycerol lipase activity was calculated as the rate of triacylglycerol decrease over the incubation period and was expressed as micromoles per gram of adipose tissue per minute.
Real-time reverse transcription-polymerase chain reaction
Total RNA from~100 mg of subcutaneous adipose tissue was isolated with TRIsure reagent (Bioline, Taunton, MA), according to the manufacturer's instructions. RNA concentration and quality (through the A 260 /A 280 ratio, which was $1.8) were measured spectrophotometrically. RNA integrity was checked by visual inspection on agarose gel. We used 1 mg of total RNA for the synthesis of complementary DNA (cDNA) using SuperScript II reverse transcription, oligo(dT), and deoxyribonucleoside triphosphate, according to the manufacturer's protocol. cDNA encoding for ATGL (assay ID Hs00386101_m1, human PNPLA2 gene, UniGene Hs.654697), HSL (assay ID Hs00943410_m1, human LIPE gene, UniGene Hs.656980), MGL (assay ID Hs00200752_m1, human MGLL gene, UniGene Hs.277035), perilipin 1 (assay ID Hs00160173_m1, human PLIN1 gene, UniGene Hs.103253), and CGI-58 (assay ID Hs01104373_m1, human ABHD5 gene, UniGene Hs.19385), as well as for two housekeeping genes, b-2-microglobulin and b-actin, were obtained by polymerase chain reaction (PCR) amplification using TaqMan Gene Expression Assays (Thermo Fisher Scientific, Foster City, CA). Each reaction mixture contained 1.25 mL of primer mix, 2 mL of cDNA template, 12.5 mL of Taqman Fast Universal PCR Master Mix, and 9.25 mL of RNase free water (25 mL in total). In each run, we included two blanks, in which cDNA was replaced with 2 mL of water. All samples were run in duplicate.
PCR amplifications were carried out in a Rotor Gene RG-6000 PCR cycler (Corbett Research, Mortlake, VIC, Australia), and cycle threshold values were determined through the RotorGene 6000 Series Software 1.7. Relative changes in gene expression during exercise were determined using the 2 2DDCt method (16). Specifically, DCt was calculated for each sample by deducting the mean Ct of the two housekeeping genes from the Ct of the study gene. Then DDCt was calculated by deducting the mean DCt of all samples at rest (t = 0) from the DCt of each exercise sample.
Statistical analysis
Results are reported as the mean 6 standard error. Physical characteristics, heart rate, and respiratory gas parameters of the participants in the two groups were compared by two-tailed independent Student t test. Biochemical data were analyzed using two-way (group by time) analysis of variance (ANOVA) with repeated measures on time. Significant interactions were followed up by simple main effect analysis and significant main effect of time was followed up by simple contrast analysis. Statistical significance was set at a = 0.05.
Results
Characteristics of the participants are presented in Table 1 . There were no significant differences between groups in age or height; however, the obese group had significantly lower V̇O 2 max compared with the lean group (P , 0.001). As expected by design, the obese group had significantly higher body mass, BMI, percent body fat, and waist-to-hip ratio, compared with the lean group (P , 0.005).
During exercise, the average heart rate during cycling was 134 6 2 bpm for the lean and 136 6 2 bpm for the obese group. The average oxygen uptake was significantly Table 2 . There were no significant differences between groups or changes during exercise. Figure 1 illustrates the triacylglycerol lipase activity in adipose tissue of the two groups during the 30 minutes of cycling. ANOVA showed that there was a significant interaction (P = 0.030) and significant main effect of time (P = 0.034). Activity increased significantly at 10 minutes of cycling in the lean group and decreased thereafter, being significantly lower at 20 and 30 minutes of exercise compared with 10 minutes. In the obese group, activity was significantly higher than baseline at 10, 20, and 30 minutes of exercise. In addition, activity was significantly higher in the obese group at 20 and 30 minutes of exercise compared with the lean group.
Blood parameters
The circulating concentrations of metabolites and hormones in the two groups are shown in Fig. 2 . Glycerol and NEFA levels displayed a significant main effect of time (P , 0.001 and P = 0.002, respectively), being significantly higher at all time points after the onset of exercise compared with rest. Glucose concentration displayed a significant main effect of time (P , 0.001), being significantly lower at the end of exercise compared with the previous time points and significantly higher at 5 minutes compared with all other time points. Lactate levels showed a significant interaction of group and time (P = 0.001) and significant main effects of group and time (both P , 0.001). Lactate concentration was significantly higher at all time points of exercise compared with rest in both groups, and it was significantly higher at 10, 20, and 30 minutes in the obese men compared with the lean men. This is in accordance with the RER data presented previously, which showed a higher reliance of the obese group on carbohydrates compared with the lean group. No differences were noted between groups or among time points in insulin concentration. Finally, both catecholamines increased gradually during exercise (P , 0.001).
mRNA levels
There were no changes in the level of any of the mRNAs studied during exercise (Fig. 3) . The mRNA levels of ATGL, HSL, and CGI-58 were lower in the obese group compared with the lean group (P , 0.05).
Discussion
The main finding of this study was that triacylglycerol hydrolysis in human subcutaneous adipose tissue responded §Significantly different between groups. P value for all significant differences was ,0.05 and was detected by simple main effects analysis after two-way ANOVA.
differently to moderate-intensity exercise between lean and obese individuals (Fig. 1) . Although the peak of triacylglycerol lipase activity was similar in the two groups (about threefold above baseline), activity reached a peak early during exercise (at 10 minutes) and dropped below baseline afterward in the lean group, whereas it remained elevated until the end of exercise in the obese group. The existing literature provides limited and contradictory data on adipose-tissue lipolysis with exercise in obese and lean subjects. Some studies show lower exercise-induced lipolysis in obesity (17) (18) (19) , which has been attributed to lower HSL gene expression (20, 21) . In contrast, there are studies in which no difference was found between obese and lean subjects in adipose-tissue lipolysis with exercise (12, 22) .
The finding that triacylglycerol lipase demonstrated a delayed activation in the obese group during endurance exercise is in accordance with our previous study (12) , in which we used resistance exercise. However, triacylglycerol lipase activity decreased at 20 and 30 minutes of resistance exercise in the obese group (12), (f, g) *Significant differences among all time points. P value for significant differences was ,0.05 and was detected by simple main effects and simple contrasts analysis following two-way ANOVA.
whereas it remained elevated during endurance exercise in the current study. This difference could be attributed to the different types of exercise in the two studies. Additionally, the two types of exercise elicited different responses in the circulating insulin concentration in the obese: an increase with resistance exercise and no change with endurance exercise. This generally agrees with the observation that high-intensity exercise raises the insulin concentration (23) .
In our previous studies on triacylglycerol lipase activity in adipose tissue during exercise (11, 12) , we have consistently found a return to baseline after an early rise in activity, which may be attributed to desensitization of the signal transduction pathway leading to lipolytic activation. This difference in lipolytic kinetics between our studies and other studies that have found a steady rise in dialysate glycerol during exercise [e.g., Arner et al. (3)] may be due to a delay in the exit of glycerol from the adipocytes, which results in its accumulation and smooths out the rise and fall in triacylglycerol lipase activity found in our studies.
In the current study, we observed the same pattern only in the lean group, whereas the obese group exhibited a sustained activation throughout the exercise period. This suggests a different regulation of triacylglycerol hydrolysis during endurance exercise in obesity, which is corroborated by the glycerol response. These findings seem to contradict the NEFA response (which did not differ between groups) and the RER, as well as lactate response (which showed higher carbohydrate use in the obese group). Thus, it appears that the obese men were unable to take advantage of the increased availability of fatty acids from adipose tissue for use as energy substrate during exercise. Further studies should pinpoint the reasons for this inability.
Thirty minutes of cycling did not cause any changes in the mRNA levels of the five protagonists of adipose tissue lipolysis (i.e., ATGL, HSL, MGL, perilipin 1, and CGI-58) studied in the two groups. This finding suggests the increased triacylglycerol lipase activity during exercise cannot be explained by changes in gene expression at the mRNA level but, instead, may be due to changes in protein amount or posttranslational modifications, such as protein phosphorylation. Unfortunately, we did not have sufficient material to explore these possibilities. Likewise, the lower mRNA levels of ATGL, HSL, and CGI-58 in the obese group compared with the lean group suggest that the higher triacylglycerol lipase activity in the former at 20 and 30 minutes of exercise cannot be explained by these differences in gene expression.
Our findings of no changes in the mRNA levels of ATGL, HSL, MGL, perilipin 1, and CGI-58 in adipose tissue during 30 minutes of cycling in either group are in Figure 3 . Effect of exercise on mRNA levels of (a) ATGL, (b) HSL, (c) MGL, (d) perilipin 1, and (e) CGI-58 in the two groups. Error bars represent standard error. *Significantly different between groups. P value for all significant differences was ,0.05 and was detected by two-way ANOVA.
accordance with the results of the only other relevant study found in the literature (10) , in which no changes in the adipose tissue mRNA levels of ATGL, HSL, and CGI-58 were found 30 minutes after the end of 1 hour of exercise at 65% of VȮ 2 max. Additionally, epinephrine, glucagon, and growth hormone levels increased HSL activity when added to primary cultures of rat adipocytes through posttranscriptional mechanisms, not through a change in HSL mRNA (24) . These data point to changes in protein amount or activity as the possible mechanisms of the increased adipose-tissue lipolysis with exercise. Given that Nielsen et al. (10) found no changes in the amounts of ATGL, HSL, or CGI-58 in their study, posttranslational modifications, such as reversible protein phosphorylation, seem to be the most probable candidate.
An additional aim of the current study was to examine possible differences in gene expression of key players of adipose-tissue lipolysis between lean and obese individuals. We found that the obese group had significantly lower mRNA levels of ATGL, HSL, and CGI-58 compared with the lean group, suggesting a lower lipolytic potential in obesity, which is in agreement with Bak et al. (25) . Lower mRNA levels of ATGL in obesity and insulin resistance were also found by Berndt et al. (26) . Additionally, Yao-Borengasser et al. (27) found lower ATGL at the protein but not mRNA level in obesity and insulin resistance. Moreover, lower mRNA levels of ATGL and HSL were found in insulin resistance, independent of adipose-tissue mass (28) , leading the researchers to propose that the insulin resistance and hyperinsulinemia encountered in obesity are related to lower ATGL and HSL gene expression. Similarly, Mairal et al. (29) found lower mRNA levels of HSL in obesity. In contrast, Ray et al. (30) found higher mRNA and lower protein levels of HSL in subcutaneous adipose tissue of obese compared with lean women, proposing that this discrepancy between mRNA and protein points at posttranscriptional regulation of perilipin in adipocytes.
Yao-Borengasser et al. (27) found no difference in mRNA or protein levels of CGI-58 in obesity, contrary to the current study. This discrepancy could be attributed to differences in subject characteristics, such as sex and age; in the study of Yao-Borengasser et al. (27) , the participants were mostly women 21 to 61 years old.
In agreement with our study, Ray et al. (30) found no differences in the mRNA levels of perilipin 1 in obese compared with lean women. In contrast, Wang et al. (31) found significantly lower mRNA and protein levels of perilipin 1 in the subcutaneous adipose tissue of subjects with severe obesity, compared with lean subjects. Again, differences between the study of Wang et al. (31) , concerning sex (women), age (40 years), and BMI (obese, 53 kg/m 2 ; nonobese, 25 kg/m 2 ) and the current study could explain the contradictory results. Our findings show that although prolonged moderateintensity exercise activated triacylglycerol lipase to a similar degree in subcutaneous adipose tissue of lean and obese young men, the patterns of activation differed in that they were transient in the lean and prolonged in the obese. Lipid use was nonetheless higher in the lean men, suggesting some inability of the obese men to exploit the increased availability of fatty acids from adipose tissue. Changes in triacylglycerol lipase activity were not paralleled by changes in mRNA levels of five protagonists of lipolysis, suggesting that changes at the posttranslational level, such as protein phosphorylation, determine the lipolytic response to exercise. Likewise, differences in mRNA levels between lean and obese men could not explain the different patterns of triacylglycerol lipase activity during exercise, which should, hence, be attributed to differences at the translational or posttranslational level (e.g., protein phosphorylation). Therefore, future studies on the regulatory mechanisms of adipose-tissue lipolysis in exercise and obesity should focus on the proteins per se that are involved in the process. Additionally, it would be of interest to follow up the effects of exercise into the recovery period and sample additional fat depots.
